monounsaturated fat, and fibre have been suggested [5] . Data in support of these recommendations have come from short-term intervention studies where effects of increasing or reducing the amount of these nutrients in the diet on insulin sensitivity were measured in humans [6] and animals [7] . In addition, the effects of changes in these nutrients have been extensively studied in those with NIDDM [8] and it may be tempting to extrapolate the results of these studies to those with insulin resistance without frank diabetes. However, extrapolations from short-term studies, and studies done on subjects with NIDDM leave doubt about the relation of long-term effects of dietary factors on insulin levels in non-diabetic subjects.
Another approach to this important area of controversy is to examine the relationship between insulin sensitivity and the habitual intake of diets of differing macronutrient composition in free-living populations. A limited number of observational studies examining these relationships in humans have been conducted. Previous studies have looked primarily at fat intake and consistent positive associations between total and saturated fat intake and hyperinsulinaemia have been reported [9] [10] [11] [12] . Less information is available for fibre, starch, sucrose or individual fatty acids. Previously, we reported that high fat/low carbohydrate intakes were associated with worsening glucose tolerance both cross-sectionally [13] and prospectively [14] . The study reported here investigates the association of the major macronutrients, subtypes of fat and carbohydrate and dietary fibre with hyperinsulinaemia in a non-diabetic, bi-ethnic population reporting their usual dietary intake.
Subjects and methods
Study population. The San Luis Valley Diabetes Study (SLVDS) was designed to study aetiologic and prognostic risk factors associated with NIDDM. In addition to seeing all known diabetic subjects in the study area, a geographically based sample of 1351 persons 20-74 years of age and without a prior history of diabetes were seen for a baseline visit during the period May 1984 to August 1988. An oral glucose tolerance test and the 1985 World Health Organization (WHO) criteria for diabetes [15] were used to classify subjects with normal glucose tolerance (n = 1107), impaired glucose tolerance (IGT) (n = 173), and previously undiagnosed diabetes (n = 71). Detailed methods are reported elsewhere [16] . Only subjects with normal glucose tolerance at baseline are included here. Of the 1107 subjects with normal glucose tolerance, 21 subjects subsequently classified as NIDDM at follow-up were excluded. Of the remaining 1086 subjects, 805 were seen for a follow-up visit an average of 4.3 years (range 3.0 to 7.6 years) after their baseline visit. Of these 805 subjects, 26 were classified as having IGT at their first follow-up visit and were rescreened after an average 1.6 years (range 0.9 to 2.3 years) and determined to be non-diabetic. After excluding 35 visits due to missing data, the final sample included 281 subjects with one visit, 757 subjects with two visits and 26 subjects with three visits.
Data collection and laboratory procedures. Procedures followed were approved and in accordance with University of Colorado Health Sciences Center human subjects guidelines. All subjects attended clinic after a minimum 8-h overnight fast and signed informed consent. Fasting blood samples were drawn and then the subject was given 75 g of glucose (Koladex; Orangedex, Custom Laboratories, Baltimore, Md., USA). One and 2-h blood samples were drawn and interviews and a physical examination were conducted. Glucose was measured using the glucose oxidase method [17] on venous plasma. Total immunoreactive insulin was measured using the double antibody radioimmunoassay [18] . Fasting insulin concentration was used as the response variable in these analyses because it has been shown to be a strong predictor of subsequent development of NIDDM independent of body mass index (BMI) [3, 4] and in subjects with normal glucose tolerance it has been shown to be correlated with whole body glucose uptake (r = -0.68) [19] and insulin sensitivity based on Bergman's minimal model (r = -0.53) [20] .
For the diet assessments, subjects were administered a 24-h diet recall by bilingual interviewers trained and certified by the [24] . BMI was calculated as measured weight in kilograms divided by height in meters squared. The number of grams of alcohol per week was determined using food frequency interview questions about usual type and quantity of alcohol consumed in the last year. Frequency and duration of vigorous activity in current work and leisure time was determined from the questionnaire and included any activity considered by the respondent to be strenuous or to cause symptoms such as fatigue, increased heart rate or sweating [25] .
Statistical analysis
Characteristics of the study population at their initial visit (Tables 1 and 2) were summarized using the Statistical Analysis System (SAS) [26] . The SAS procedure PROC REG was used to calculate partial correlations in Table 3 and PROC MIXED [27] was used for the regression analyses summarized in Figures 1 and 2 . Data from subjects with one, two or three visits are included in these analyses. PROC MIXED estimates the random subject effects and accommodates the unbalanced design and time-varying covariates. This procedure takes advantage of the additional within-subject information from individuals with more than one visit without losing the between subject information from subjects with a single visit [28] . We have not only enhanced precision with multiple measures on the same subject but the random subject effect has allowed more powerful within-subject comparisons. The subject is acting as its own control with respect to unmeasured factors which both influence insulin concentrations and vary from subject to subject. To the extent that subjects change their diet (day-today or systematically over time), we can evaluate whether changes in diet are associated with changes in insulin concentrations. In these models, the log of fasting insulin concentration from each visit was entered as the dependent variable. Dietary variables, age, BMI, waist circumference, physical activity, smoking and alcohol intake were included as time-varying covariates and sex and ethnicity were entered as non-timevarying covariates. Time was not included in the model. Plots of the standardized residuals were examined for outliers. Outlying observations were removed from the model to determine their influence. The outliers identified did not alter the conclusions and have been included in the analyses presented here.
To determine if associations between dietary factors and fasting insulin were similar in ethnic, gender, physical activity subgroups and at high and low values of the continuous variable BMI, an interaction term between the dietary factor and the potential modifying variable was added to the above model. These models were run for all nutrients listed in Table 2 except protein. Protein was not associated with fasting insulin concentrations (p = 0.93) in the base model without interaction terms. After summarizing the results in Figures 1 and 2 , selected additional hypothesis-driven models were run to evaluate whether intercorrelation between nutrients explained initial observations. The rationale for these models is provided with the results.
Findings are presented as the percent change in fasting insulin concentrations calculated [29] from the difference in the predicted log (fasting insulin) for a specified change in the dietary factor (e. g. a 20-g increase in total fat intake). The magnitude, but not statistical significance, of the reported percent change in fasting insulin concentrations in Figures 1 and 2 depends on the specified change chosen for the dietary factor. For total fat, the approximate size change required to bring the mean percent of energy for the study population to the United States recommended dietary intake was used (e. g. a decrease of 20 g of fat per day at the mean energy intake would bring the percent of energy from fat to approximately 30 % in the study population). For carbohydrate, 45 g was chosen as an equicaloric change with respect to 20 g of total fat. Within subtypes of fat and within subtypes of carbohydrates, the same specified change was used (5 g and 10 g, respectively, except for the omega-3 fatty acids which account for a much smaller proportion of total intake) so that the percent change in insulin concentrations could be compared on an energy equivalent basis.
Results
The subjects included in the analyses described here were 53.2 % female, and 39.5 % self-identified as Hispanic ( Table 1 ). The average age was 51.8 years and average BMI was 25.5 kg/m 2 . Drinking any alcohol in the last year was reported by 61 % of subjects, but only 15.6 % reported one drink or more per day. At baseline, 25.4 % of persons were current smokers. Female gender (p < 0.0001), Hispanic ethnicity (p < 0.0001), no reported vigorous activity (p = 0.002), lower age (p < 0.0001), higher BMI (p < 0.0001) and higher waist circumference (p < 0.0001) were associated with hyperinsulinaemia (Table 1) . No systematic trend in insulin concentrations according to alcohol intake or smoking status was observed.
The average intake of fat, carbohydrate and protein (as percent of energy) was 37, 48 and 15 %, respectively, at the baseline visit. Further detail on dietary intakes in these subjects is presented in Table 2 and in previous publications [30, 31] . Subjects were asked if the intake reported in the past 24 h was usual for them. "Usual" intakes were reported for 81.7 % of subject visits, "considerably less than usual" for 13.2 % and "considerably more than usual" for 5.0 %. The distribution of energy by fat, carbohydrate and protein, as well as by subtypes of fat and carbohydrate are consistent with estimates from food consumption surveys for the United States population conducted by the Department of Agriculture [8] .
The correlation between nutrients in the diet can make it difficult to determine which nutrient is directly related to insulin concentrations. The degree of correlation may also vary across populations and contribute to different findings across studies. Table 3 shows both crude and energy-adjusted partial correlations for all nutrients compared with saturated fat and starch intake, the nutrients which showed the strongest associations with fasting insulin concentrations in subsequent analyses. While crude correlations between nutrients tended to be high, energy-adjusted correlations were much lower. Figure 1 shows the percent change in fasting insulin levels associated with a given gram change in intake of each nutrient. High saturated fat intake and low starch and fibre intake, in separate models, were significantly associated with higher fasting insulin concentrations after adjusting for age, gender, ethnicity, vigorous activity, BMI, waist circumference and total energy (Fig. 1) . High total fat and linolenic acid intakes were marginally associated with higher fasting insulin concentrations. The associations in Figure 1 were similar in men and women and at all levels of vigorous activity (data not shown). The statistically significant associations in Figure 1 were seen in both Hispanics and non-Hispanic whites. Polyunsaturated fat, linoleic acid, fructose and glucose showed no association with fasting insulin concentrations in the combined group, but the associations were significantly different in Hispanics compared to non-Hispanic whites (interaction p-values of 0.03, 0.03, 0.04 and 0.03, respectively). All four nutrients were inversely associated with fasting insulin concentrations in Hispanics, while in non-Hispanic whites the associations were near zero. These ethnic differences remained when the fatty acid models were further adjusted for saturated fat intake and when the sucrose and fructose models were adjusted for starch intake. The presence of obesity might alter the effect of dietary factors on insulin concentrations because of obesity's strong effect on insulin concentrations. The associations of total and saturated fat with fasting insulin concentrations did not vary by level of obesity (Fig. 2) . However, the associations of total carbohydrate, starch and fibre with fasting insulin concentrations were strongest in the leaner subjects.
Additional analyses were conducted to investigate specific hypotheses about relationships between nutrients. There was no apparent interaction between saturated fat and fibre (or starch) intake, suggesting that the positive association between saturated fat and fasting insulin concentrations was present at all levels of fibre intake (data not shown). Since monounsaturated fat has been suggested as an alternative to saturated fat or carbohydrate in cholesterol-lowering diets, we were concerned from the results in Figure 1 that monounsaturated fat might have deleterious effects on insulin sensitivity. On the other hand, to the extent that people reporting high saturated fat intakes also eat more monounsaturated fats, the apparent adverse association of monounsaturated fat with insulin concentrations may be due only to its association with saturated fat intake ( Table 3) . When saturated fat was held constant by adding it as a term in the regression model with oleic acid (the primary monounsaturated fatty acid in the diet and more strongly related to insulin concentrations in Figure 1 than total monounsaturated fat), the oleic acid effect was reduced by 73 % to near zero (p = 0.74). The effect of linolenic acid was only reduced by 18 % (p = 0.15) after further adjustment for saturated fat intake. Animal studies have suggested that linolenic acid in the absence of linoleic acid may improve insulin sensitivity [32] . However, a scatter plot of linoleic acid intake by linolenic acid intake revealed that there were no subjects with high linolenic acid intakes in the absence of linoleic acid intakes to allow us to test this hypothesis.
It was also of interest to explore the apparent lack of effect of sucrose on insulin concentrations, since sucrose has been implicated in the development of insulin resistance [34] . When both carbohydrate and energy were held constant in the model, high sucrose intake was significantly associated with higher insulin concentrations. This suggests that eating sucrose instead of other sources of carbohydrate may be detrimental to insulin sensitivity. To further determine if this was due to beneficial effects of starch or adverse effects of sucrose, terms for starch, sucrose, fructose and glucose were simultaneously included in the model predicting fasting insulin concentrations. In this model, starch remained significantly and inversely related to fasting insulin concentrations, and sucrose, glucose and fructose were not associated with fasting insulin. R all BMIs combined, BMI of 22, BMI of 28. Calculated from the regression model including sex, ethnicity, physical activity, age, BMI, waist circumference, total energy intake, the nutrient and an interaction term, BMI × nutrient, where BMI was modelled as a continuous variable. The p-value for the interaction term is presented testing whether the diet effect differs by level of BMI
Discussion
We tested the hypothesis that diets high in total and saturated fat and low in fibre were associated with hyperinsulinaemia by collecting 24-h diet recalls and determining fasting serum insulin concentrations in a geographically based sample of non-diabetic subjects. Subjects were seen on up to three visits from 1984 to 1992. Longitudinal data analysis allowed us to improve analytic power by incorporating information on both the cross-sectional diet-insulin associations between subjects and the longitudinal diet-insulin associations within subjects. In these data, diets high in total and saturated fat and low in starch and fibre were significantly associated with fasting hyperinsulinaemia. No associations with fasting insulin concentrations were observed for monounsaturated fat, polyunsaturated fats, sucrose, glucose and fructose. Fasting hyperinsulinaemia, a marker for insulin resistance, precedes the onset of glucose intolerance in NIDDM [2] . The findings reported here are consistent with our earlier findings that high fat/low carbohydrate diets predict the development of glucose intolerance. They further suggest that such diets may operate through insulin resistance mechanisms. Therefore, diet may be an important modifiable risk factor early in the natural history of pre-clinical glucose intolerance.
This study suggests that diets enriched in complex carbohydrates are associated with lower fasting insulin concentrations. While some early clinical studies suggested that high carbohydrate diets increased basal insulin concentrations [33] , others observed inverse associations [34] . Crapo et al. [35] found that carbohydrate as a) mixed meals compared to liquid diets and b) starch compared to sucrose, resulted in a lower glucose and insulin response. These studies highlighted the importance of the form of carbohydrate and other meal components in determining the metabolic response. For many years the dietary recommendations of the American Diabetes Association (ADA) advocated restriction of sucrose intake. A number of studies in animals [36] and humans [37, 38] have supported the idea that sucrose consumption is associated with adverse effects on insulin sensitivity and glucose intolerance. However, the most recent ADA nutritional guidelines removed this restriction on sucrose consumption in response to a growing number of clinical trials which failed to demonstrate adverse effects on glucose control in those with diabetes [8, 6] . No adverse effects of sucrose were seen in the current study of subjects with normal glucose tolerance when energy intake alone was kept constant. However, further analyses holding both energy intake and carbohydrate constant revealed a significant positive association between sucrose intake and fasting insulin concentrations, suggesting that substituting sucrose for other carbohydrates may have deleterious effects on fasting insulin concentrations.
A large number of clinical investigations after the mid-1970 s reported the effects of dietary fibre on metabolic responses in normal and diabetic subjects [39, [40] [41] [42] [43] [44] [45] [46] [47] . Among randomized crossover studies of high and low fibre intake in natural food form and administered under isocaloric conditions, the most consistent finding has been an inverse association between fibre intake and postprandial insulin concentrations. In support of this finding, gastric inhibitory polypeptide (GIP) the primary humoral secretion of the intestine responsible for both the transitory and prolonged phases of insulin release [48] has been measured in higher concentrations in the blood following low fibre meals [49] . The primary site of GIP secretion is the proximal small intestine. Since dietary fibre slows gastric emptying and separates nutrients from digestive enzymes and absorptive surfaces, nutrients associated with a high-fibre meal are absorbed distally relative to nutrients associated with a low-fibre meal. This results in reduced GIP secretion. The statistically significant inverse association of dietary fibre and starch with fasting insulin concentrations reported here in a free-living population is consistent with the hypothesis of a beneficial effect of diets enriched with complex carbohydrates and fibre on insulin sensitivity.
Persons with a higher BMI (later in the progression from normal insulin action to severe insulin resistance and ultimately diabetes in some) were observed to have less beneficial effects from the addition of complex carbohydrates and fibre to the diet than leaner subjects. However, obese persons still experience the deleterious effects of total fat and saturated fat on fasting insulin concentrations when compared to lean individuals. This may occur as the net rate of lipolysis increases with increasing fat mass, increasing plasma non esterified fatty acid (NEFA) concentrations; an effect which overrides the beneficial effects of dietary carbohydrates and fibre.
High-fat diets have been shown to cause insulin resistance in rats [50] . Animal models have shown highfat diets and increased levels of NEFAs to cause insulin resistance in hepatocytes [51] , adipose cells [52] , and skeletal muscle [53] in vitro, and to be involved in the pathogenesis of NIDDM [54, 55] . In humans, high-fat diets have been related to deterioration of carbohydrate metabolism. For the Pima Indians in Arizona, the transition from an agrarian to a modern society was associated with the consumption of increasing amounts of dietary fat, decreasing amounts of dietary carbohydrate and a deterioration in insulin sensitivity [56, 57] . Diets high in total fat may lead to increased circulating NEFAs [7, 58] . In 1963, Randle et al. [59] suggested that NEFAs, an important oxidative fuel and the primary fuel for resting muscle, heart, liver and the renal cortex, compete with glucose as an oxidative fuel in muscle [60] . Increased NEFA uptake and oxidation in muscle results in impaired glucose metabolism via the glucose-NEFA cycle [58, 61, 62] . In addition, high-fat diets have been associated with reduced expression of GLUT4 glucose transporters [63] .
While increases in total fat intake were associated with insulin resistance, it appears that specific fatty acids may be more or less potent in inducing this metabolic abnormality. Previous studies have generated interest in "good fats" including polyunsaturated fats, monounsaturated fats including oleic acid, and omega-3 fatty acids. Investigations in rats have demonstrated that the dietary lipid profile is an important determinant of tissue phospholipid composition [64] which may in turn influence insulin sensitivity by altering membrane fluidity and insulin signalling. In humans, decreased concentrations of polyunsaturated fatty acids in skeletal-phospholipids have been associated with decreased insulin sensitivity [65] . Storlien et al. [50] have demonstrated that diets high in saturated, monounsaturated or polyunsaturated fatty acids led to severe insulin resistance in rats. Substituting fish oil for these fats reversed the effects. These animal data are at odds with data obtained in normal individuals [66] and those with NIDDM [67] where diets enriched in monounsaturated fats have not been found to worsen glycaemia and have been advocated as an alternative to the usual low-fat diabetic diet [68] . It may be that the partitioning of different fatty acids between storage (as triglyceride in liver, muscle and adipose tissue) and oxidation may explain some of the variability seen between different fats. In the current study, saturated fat, monounsaturated fat and linolenic acids appeared associated with hyperinsulinaemia, while polyunsaturated fatty acids and linoleic acid were not. Leyton et al. [69] examined the metabolism of a number of fatty acids in rats and found that among unsaturated fats, alpha linolenic and oleic acid were the most highly oxidized, while linoleic and the highly polyunsaturated fatty acids such as arachidonic were less likely to be oxidized. Those fatty acids that are more efficiently oxidized may compete more effectively against glucose for oxidation with resulting decrease in peripheral glucose disposal. Further analyses in the current study suggested that the apparent adverse effect of monounsaturated fat on fasting insulin concentrations may be an indirect effect resulting from the association of monounsaturated fat with saturated fat in the diets of this population.
Although experimental studies allow controlled alteration of diets and tight control of potentially confounding variables, inferences from these studies have been limited by: 1) the short period of time on special diets, which 2) often contain extreme contrasting amounts of nutrients (e. g. carbohydrate or fibre); 3) sometimes by lack of control for potential modifying variables such as obesity; and 4) by limited statistical power. Observations in free-living populations, although not as tightly controlled as in experimental studies, offer the potential to study the effects of habitual diet on metabolic parameters and to determine if findings in animal and clinical studies translate to effects measurable at the population level. Epidemiologic studies have reported that intakes high in total fat [9, 11, 10] , saturated fat [9, 11, 10] and monounsaturated fat [9, 11] and intakes low in carbohydrate [9, 11] and fibre [9] correlate with higher fasting insulin concentrations. These studies have been conducted in adult, predominantly Caucasian, populations including men with coronary artery disease [9] , non-diabetic women twins [11] and men followed in the Normative Aging Study [10] . Four-day food records [9] and food frequency questionnaires [11, 10] were used to describe diet-insulin associations across subjects at one point in time in these studies. The CARDIA study of young black and white men and women [aged 18-30 years] observed a positive association between sucrose (28-day diet history) and fasting insulin concentrations, but did not observe significant associations for total fat, saturated fat, starch or carbohydrate [27] . Given the young age and consistent inverse associations between fasting insulin concentrations and physical activity in the CARDIA population, further analysis of grams of total and saturated fat adjusted for energy intake (rather than use of nutrient densities) and evaluation of activity as a modifier of associations between dietary fat and insulin would be of interest. Lovejoy and DiGirolamo [12] assessed insulin sensitivity (the inverse of insulin resistance), with the frequently sampled intravenous glucose tolerance test and Bergman's minimal model and compared this to dietary intakes reported for the past year using a food frequency questionnaire [12] . In this small sample of lean and obese men and women, insulin sensitivity was inversely associated with total fat intake and positively associated with fibre intake, consistent with findings reported here.
Our findings are based on repeated assessments of 24-h dietary recall and fasting insulin concentrations collected on up to three occasions in Hispanic and non-Hispanic white men and women of the SLVDS. The magnitude of these dietary effects deserves comment. A change in fasting insulin concentrations of 2-3 % as observed here with a 20-g difference in fat is comparable to the change in insulin associated with a 1-unit change in BMI in this data set. The 24-h diet recall method has reduced power and the size of estimated effects are likely to be attenuated due to dayto-day variability. Nonetheless, the method is generally considered to give a good estimate of the group mean. This is especially true in diverse populations, where variations in food choices, preparation methods or portion sizes may not be captured by a closedended assessment such as a food frequency questionnaire. The consistency of findings with respect to high total and saturated fat and low carbohydrate and fibre across the populations described above, as well as across study designs and assessment methods provides strong evidence that these associations are real and not an artifact of a particular method or population sample. Our findings are consistent with previous reports from the SLVDS relating high fat/low carbohydrate diets to glucose intolerance [13, 14] . The findings support current dietary guidelines for the United States, the American Diabetes Association, the American Heart Association and the American Cancer Society recommending reduced intakes of total and saturated fat and increased intakes of fruits and vegetables.
